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Introduction 31
Debate still surrounds the relative importance of physical and biological mechanisms 32 behind glacial-interglacial variations in atmospheric carbon dioxide (pCO 2 ; reviewed by 33 Sigman and Boyle, 2000) . The Southern Ocean has been implicated in the regulation of 34 greenhouse gases through both types of mechanism. Firstly, a physical reduction in the 35 ventilation of deep waters due to greater glacial sea-ice cover and ocean stratification, 36 enhanced in a cooler ocean, would result in less outgassing of CO 2 to the atmosphere (e.g. 37
de Boer et al., 2007) . Secondly, an increase in biological export, accompanied by 38 enhanced burial of carbon, would also reduce atmospheric pCO 2 during glacials (e.g. The concentration of silicic acid, [Si(OH) 4 ], in deep-waters is governed by tectonics 47 and silicate weathering on long timescales (>10 4 years) and by ocean productivity and 48 ocean circulation on glacial-interglacial timescales (10 3 -10 4 years; Ragueneau et al., 2000; 49 Falkowski et al., 2004) . As such the Si cycle is a synergistic driver of, and respondent to, 50 the carbon (C) cycle and global climatic change. In the modern surface ocean, biological 51 precipitation of amorphous silica (opal) by diatoms is the dominant process that removes 52 Si(OH) 4 from seawater, efficiently transporting silica and organic C to the seafloor. The 53 partitioning of C and Si between the surface and deep-ocean is controlled by the export and 54 remineralization of this biological material relative to vertical mixing rates (Toggweiler et 55 al., 1999; Ragueneau et al., 2000) . 56
Diatom blooms rely on upwelling sources of Si(OH) 4 because efficient utilization 57 strips almost all of the Si from surface waters (Ragueneau et al., 2000) . The nutrient 58 composition of upwelling waters, in particular the ratio of Si to other major nutrients, plays 59 a strong role in the population structure of phytoplankton growing in surface waters and 60 the biological pumping of C to deep-water (Yool and Tyrell, 2003; Falkowski et al., 2004) . 61
Furthermore, reduced vertical mixing, or enhanced stratification, results in an increase in 62 deep-water C, and a corresponding reduction in atmospheric pCO 2 . (Toggweiler, 1999) . The silicon isotopic composition (δ 30 Si) of biogenic opal provides a direct method 70 for quantifying seawater Si(OH) was then purified using cation exchange as above; as before, matrix tests show the resin 160 effectively removes Na and other cations. The δ 30 Si was measured using the same 161 protocol as for the spicules. 162
Results and discussion 163

1. Modern calibration 164
Modern Southern Ocean sponge δ 30 Si ranges from -0.70‰ to -4.13‰ ( Figure 2A ; 165 Figure 3A) . 180 ε ≈δ 30 Si sponge −δ
30
Si Si(OH ) 4 (3) 181
Subsamples from the same specimen, and of two co-existing specimens of the same 182 species, show δ 30 Si is homogeneous within and between individuals bathed in the same 183 water mass ( Figure 2B ). We cannot rule out a ~0.5‰ species-specific offset in 184 fractionation, but it is small compared to the effect of environmental controls (~4‰; Figure  185 
2A). 186
Other factors that are known to influence biomineralization co-vary with [Si(OH) Figure 3A ). This control is not unexpected because silicification 199 is known to depend on Si(OH) 4 weathering of silicate rocks resulted in high oceanic Si(OH) 4 (Siever, 1992 4 ] changed within the ACC on glacial-interglacial timescales, and to address 227 the potential consequences for atmospheric pCO 2 levels in the past. 228
Our modern core-top sample from piston core PC034 ( Figure 4A The fractionation factor, ε, would be the most appropriate parameter to record 239 because it would account for changes in seawater δ 30 Si Si There are two important caveats when interpreting our downcore data. Firstly, age 244 models for cores in the Southern Ocean are notoriously challenging due to poor 245 preservation of benthic foraminifera and other dateable carbonates. Here, we apply the 246 best dating constraints available, based on radiocarbon measurements and stratigraphic 247 markers, locating the LGM using the abundance of diatoms and the radiolarian 248 water mass, due to stratification or sea-ice cover, could lead to a depletion in δ 13 C and a 298 decrease in atmospheric CO 2 without a concurrent change in nutrients (Toggweiler, 1999) . 299
Alternatively, the light δ 13 C could originate from the remineralization of organic C 300 that is not associated with significant quantities of Si(OH) 4 
Implications for glacial pCO 2 344
Our new sponge δ 30 Si data, when combined with other geochemical proxies, bring 345 new insight into the mechanisms behind the lower glacial atmospheric pCO 2 . Deep-water 346 C and macronutrients are decoupled on glacial-interglacial timescales as a result of 347 physical processes, such as ocean stratification or sea-ice cover, which lock-up C in the 348 deep ocean and lower atmospheric pCO 2 (Toggweiler, 1999; Stephens and Keeling, 2000) . 
Summary and conclusions 405
In summary, we show the potential for combined δ 30 
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